Sedimentation rates of silicate grains in gas giant protoplanets formed by disk instability are calculated for protoplanetary masses between 1 MSaturn to 10 MJupiter. Giant protoplanets with masses of 5
Introduction
The discovery over the last decade of extra-solar giant planets has increased interest in understanding the mechanism of giant planet formation (Lissauer & Stevenson, 2007 , Guillot, 2007 . Currently, there are two models for the formation of gas giant planets: 'core accretion', the conventional model, and 'disk instability'.
The core accretion model suggests that the formation of a giant planet starts with planetesimal coagulation followed by accretion of a gaseous envelope. Once the core and envelope masses become equal, the rate of gas accretion increases significantly, leading to a hydrodynamic collapse of the atmosphere on top of the solid core (e.g., Pollack et al., 1996; Liassuer & Stevenson, 2007) . The disk instability model suggests that gas giant planets form as a result of gravitational fragmentation in the protoplanetary disk (e.g., Boss, 1997 Boss, , 2007 Mayer, 2000 Mayer, , 2007 . As self-gravitating clumps are created, dust grains can coagulate and sediment to form a core (Boss, 1997) . While in the core accretion model all giant planets are predicted to have rather similar core masses (∼ 10 M ⊕ ), giant planets formed by disk instability can, in principle, have no core.
In the disk instability model, formation of a core is not a requirement, and the core mass would depend on the internal temperature of the protoplanet, the amount of available refractory material, the grain size distribution, and the strength of convection (see Helled et al., 2008 for further details). In this paper we simulate the evolution of gas giant protoplanets created by disk instability and investigate how the core mass varies with the mass of the protoplanet.
Model Evolution
It is still unknown whether objects formed by a gravitational instability can cool fast enough to remain bound objects that evolve to giant protoplanets (Rafikov, 2007) . More detailed numerical simulations and further investigations are required before this question can be answered. For the purpose of this paper we assume that clumps formed by disk instability are gravitationally bound and contract further to form gaseous protoplanets.
To model the evolution of the protoplanets we assume gravitationally bound, spherical, homogenous and static bodies with a solar composition. The clumps are taken to be isolated, so no interaction with the surrounding disk is allowed. Under such conditions the bodies radiate away gravitational energy while their radii decrease. We concentrate on the initial stage in which the bodies are cold enough to allow the survival of silicate grains. This stage is known as the 'pre-collapse' stage in which the protoplanets contract quasistatically (DeCampli & Cameron, 1979; Bodenheimer et al., 1980) . The duration of this stage is inversely proportional to the initial mass of the body, so more massive protoplanets evolve faster. The pre-collapse stage ends when molecular hydrogen starts to dissociate at the center of the body and a hydrodynamic collapse ensues (DeCampli & Cameron,1979; Bodenheimer et al., 1980) .
To model the evolution of protoplanets during the pre-collapse stage, we use a planetary evolution code that solves the standard equations of stellar evolution (hydrostatic balance, mass conservation, energy conservation, and heat transport). The code uses the interpolated equation of state of Saumon et al. (1995) for hydrogen and helium. The opacity is based on the work of Alexander & Ferguson (1994) and the lowtemperature grain opacity is based on the work of Pollack et al. (1985) . The opacity includes both gas and grain, the latter based on the size distribution relevant for interstellar grains. We find the initial quasi-static states based on a preliminary model of a simulated clump kindly provided by P. Bodenheimer. Further details regarding the evolutionary model can be found in Helled et al. (2006 Helled et al. ( , 2008 .
We follow the evolution of clumps with masses of 1 M S , 1, 3, 5, 7 and 10 M J (M S and M J being the mass of Saturn and Jupiter, respectively). Internal temperatures decrease and the time-scale of the pre-collapse stage increases with decreasing protoplanetary mass. The evolution of Jupiter and Saturn mass protoplanets is shown in Figure 1 . The central pressure, central temperature, radius, and effective temperature as a function of time are presented. The evolution in the figures is shown up to the point when the central temperature reaches ∼ 1300 K, the evaporation temperature of silicates, and core formation stops. The contraction rate of a Saturn mass protoplanet is slower, and its central pressure and temperature are lower compared with the Jupiter mass protoplanet. The pre-collapse time-scale of the low mass body is longer, and as a result grains inside it have a longer time to grow and sediment to the center.
[ Fig. 1] The initial states are chosen so that the protoplanets are extended and have low densities and temperatures and yet are gravitationally bound to insure further contraction (Boss, 1997; Mayer et al., 2002) . Table 1 presents the surface density, central pressure, central and effective temperatures, radius and luminosity of the initial states of the protoplanets. More massive bodies can be more extended but they have higher internal temperatures. The surface density decreases for larger bodies but the central pressure, central temperature and central density increase with increasing mass. Massive bodies are hotter and larger and therefore are more luminous. Figure 2 presents the initial temperature-pressure profiles for protoplanets with 1, 5 and 10 Jupiter masses. As can be seen from the figure, the central temperature and pressure increase with increasing mass.
[ Table. 1]
The densities and temperatures of protoplanets formed by a gravitational instability are unknown, and different numerical models predict different characteristics. Simulations by Boss (1997 Boss ( , 2007 predict lowerdensity and colder protoplanets than the simulations of Mayer et al. (2002 Mayer et al. ( , 2004 . The latter find denser and hotter configurations, with central temperatures reaching ∼1000 K shortly after formation. Indeed, for clumps with masses larger than ∼ 1 M J we find central temperatures of that order. The low surface densities of the protoplanets are a few times the mean density of the disk's midplane, as expected for bodies created by a gravitational instability (DeCampli & Cameron, 1979) . Though our choice of initial states is not well constrained, the evolution of the protoplanets depends mostly on their mass and is rather insensitive to the details of the initial states (DeCampli & Cameron, 1979) . Figure 3 
Sedimentation
In order to examine whether core formation is possible, the sedimentation rate of the grains has to be computed. The number of grains within the body can change due to the combined processes of coagulation and sedimentation, and is given by the Smoluchowski equation (Wetherill 1990) ,
At each radius in the protoplanet r at some time t the number density of grains of mass between m and m + dm is given by n(m, r, t)dm. κ(m, m ), the collision kernel, is the probability that a grain of mass m will collide with and stick to a grain of mass m . Collisions occur due to the Brownian motion of the grains and the fact that larger grains with higher sedimentation speeds can overtake smaller grains. In convective regions, where different size grains respond differently to fluctuations in the gas, we use the approximation of Weidenschilling (1986) , based on the work of Volk and collaborators (Volk et al. 1980; Markiewicz et al. 1991) , which takes into account the relative velocities between different size grains in a turbulent gas. We assume that whenever two grains meet and collide, they stick to form a bigger grain. The first integral gives the rate of formation of grains of mass m while the second integral is equal to the rate at which grains of mass m are removed as a result of collisions with grains of any other mass. The third term on the right side ∇ · F is the 'transport term'. Transport of grains is possible due to sedimentation of grains (gravitational settling) or via turbulent transport in the convective regions. In the absence of convection the flux of grains of mass m due to sedimentation is given by
is the sedimentation velocity of a grain of mass m at planetary radius r and time t. The sedimentation velocity is found from the force balance between the local gravitational force and the gas drag on the grain (Podolak, 2003) . In the case of convective transport, we use an eddy diffusion approximation where the flux is given by
∂n(m,r,t) ∂r
where H(r, t) is the pressure scale height and K(r, t) is the eddy diffusion coefficient, which is given by K = vH where v is the convective speed of the gas. The convective speeds are estimated from the mixing length recipe (MLR).
Another effect that can change the grain distribution is grain sublimation, which occurs when the ambient temperature is high enough to evaporate the grains. Following Podolak (2003), we take the rate of
where a is the grain's radius, T is the grain's surface temperature, µ is the mean molecular weight of the grain material taken to be 50 (g/mole), P vap = 10 −24605 T +13.176 (dynes cm −2 ) is the vapor pressure of rocks (Podolak et al., 1988) , k is Boltzmann's constant, and N A is Avogadro's number. The surface temperature of the grain is taken to be the same as the temperature of the surrounding gas. As can be seen from equation 2, the evaporation rate is a function of the grain size. One can estimate the evaporation time as a function of temperature by computing m/( dm dt ) where m is the grain's mass. Since the mass of a grain is proportional to a 3 , the evaporation time is proportional to a, so larger grains require more time to evaporate. We take the evaporation temperature to be the temperature at which the evaporation time is shorter than ∼1 year.
We find that for the grain sizes considered here (1, 0.1 and 0.01 cm), the evaporation temperature can differ by up to ∼ 100 K. We take the lower bound of this range and set the evaporation temperature to be 1300 K.
The grains are assumed to be solid silicate spheres with a density of 3.4 g cm −3 and initial size a 0 and are initially homogeneously mixed within the protoplanet. The size distribution is divided among bins with radii a i that are logarithmically spaced in mass. The size of a grain in bin i, a i , is taken to be a 0 2 i/3 .
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The total number of bins is chosen to allow the grains to grow to sizes of at least 10 cm. Initially, only the smallest mass bin is populated, and as the grains collide and grow the larger size bins are filled. An object of solar composition is expected to have 2% of heavy elements, but this mass also includes the volatile material (ices and organics). The mass of the refractory material is expected to be ∼ 1/3 of the heavy element mass, and is taken to be 0.0067% of the total mass. Re-condensation and breakup of grains are not included in the calculation. More details of the model can be found in Podolak (2003) and Helled et al. (2008) .
Results
Massive clumps can be extended and still be gravitationally bound but their internal temperatures are found to be too high to allow the grains to sediment and form a core. We find that silicate grains evaporate immediately in objects of 5 M J or larger, and instead of contributing to core formation, the grains evaporate in the planetary envelope enriching it with refractory material. Protoplanets with smaller masses are cold enough to let the grains survive. We follow the silicate grains as they grow and sediment towards the center of the protoplanet. In convective regions, the grains are carried by the convective eddies until they grow large enough to decouple from the gas and settle to the center. We find that once grains grow to sizes of 10 cm or larger (the exact value depends on the convection velocity which changes with depth, time and planetary mass), they are massive enough to decouple from the gas, sediment to the center and form a core.
The region of the core is represented by the innermost shell in the models, and its size varies with planetary mass. However, for all the cases considered here the size of this region is large (∼ 10 11 cm) and it contains gas in addition to the settled grains. Although this region might not represent a core in the traditional sense, the grains in this region remain there and they could eventually form a small silicate core in the center. The large number density of grains in the central region leads to frequent collisions that result in further growth.
In addition, grains in the central region are typically larger than 10 cm, and therefore they are too large to be carried upward by convection into the planetary envelope. Once the central temperature is high enough to evaporate silicates (∼ 1300 K) core growth stops. The refractory material inside the core region could segregate from hydrogen and helium and form an inner dense region. Table 2 lists the derived core masses for different initial grain sizes (1, 0.1 and 0.001 cm) in protoplanets with masses between 1 M S to 10 M J . Table 2 also gives the time available for core formation, i.e., the time it takes the body to reach internal temperatures of ∼1300 K.
[ Table. 2]
We find that the core mass is not simply proportional to the mass of the protoplanet. More massive protoplanets contain a larger amount of silicate grains but at the same time, the protoplanets are hotter 6 and evolve faster. As a result, the available time to form a core decreases as protoplanet mass increases.
Another effect that delays core formation in more massive bodies is the higher convective velocities. The convective flux is found to be more vigorous in massive bodies, so grains have to grow to larger sizes in order to decouple from gas and sediment to the center. Low-mass clumps have the lowest convective velocities and longest evolution -a configuration that supports core formation. However, due to their low mass the final core mass is relatively small.
The resulting core masses for grains with initial radii between 0.01 cm and 1 cm are found to be very similar.
This is due to the fact that small grains are coupled to the gas and have to grow to larger sizes (greater than ∼10 cm in radius) in order to to overcome the convective flux and settle to the center. Grains with smaller sizes than the ones considered here (< 0.001 cm) are expected to result in similar core masses. The growth of small grains is very fast due to the large number density that results in frequent collisions and further growth (Helled et al. 2008) . Grains with initial sizes larger then the sizes considered here would be large enough to quickly decouple from the gas and settle to the center. For these grain sizes, the core mass will be proportional to the planetary mass in protoplanets smaller than 5 M J . However, such initial sizes seem unrealistically large for the early formation time of gaseous protoplanets by a gravitational instability (Boss, 1997) . The last column in Table 2 gives the percentage of the core mass compared to the available grain mass. A Saturn mass body can sediment more than 80% of the grain mass to its center, while more massive protoplanets sediment only ∼ 10% of the available mass.
Jupiter and Saturn
A Saturn mass object is found to have the slowest contraction rate which leads to sedimentation of a larger amount of solids in comparison to a Jupiter mass object. In this study only grains originally present in the body were considered, and the final core masses were found to be ∼ 0.25 and 0.5 M ⊕ for Jupiter and Saturn, respectively. In reality, protoplanets are embedded in the protoplanetary disk surrounding the young sun, and planetesimal accretion is likely to take place. Planetesimal accretion can add a significant amount of refractory material to the protoplanet that can settle to the center and increase the final core mass (Helled et al., 2006; 2008) .
Although conditions in the solar nebula are unknown, its characteristics can be estimated and therefore the planetesimal accretion rate of proto-Jupiter and proto-Saturn can be approximated. We assume that Jupiter and Saturn have not migrated significantly and define the total mass of solids in their feeding zones as (Pollack et al. 1996) ,
where a in and a out are the inner and outer radii of the planetary feeding zone, respectively. The solid surface density of the disk is taken to be σ =10 g cm −2 for Jupiter (5.2 AU) and σ = 3 g cm −2 for Saturn (9.5 AU), values that are a factor of ∼ 3 times higher than the "minimum-mass solar nebula" (MMSN) values (Pollack et al., 1996) . The planetary feeding zone represents the zone in which solid planetesimals are uniformly spread on either side of the orbit to a distance a f , and its size changes with the eccentricity and inclination of the planetesimals' orbits and the planetary Hill sphere radius (Pollack et al. 1996) . a out = a + a f and a in = a − a f , where a is the planet's semimajor axis. Following Pollack et al. (1996) , we take a f ∼2×10 13 cm and a f ∼2.6×10 13 cm for Jupiter and Saturn, respectively. The size of the feeding zone is taken to be constant with time, so planetesimals cannot get into or out of the feeding zone. Under these assumptions, the mass of solids in Jupiter's and Saturn's feeding zone are found to be ∼ 35 M ⊕ , and ∼ 23 M ⊕ , respectively.
For simplicity, we assume that a similar percentage of the grains sediments to the core as in the case when only the grains originally present in the body were considered (previous section). In principle, when planetesimals are accreted they lose material due to gas drag as they pass through the planetary envelope until they break or get fully evaporated. As a planetesimal penetrates deeper into the interior, the surrounding density increases, the drag force is stronger, and more material can evaporate. In that case the additional silicates will tend to be more concentrated in central regions. Our assumption, that the additional material is distributed in proportion to the gas density, results in a concentration of silicates toward the center (Helled et al., 2008) .
The planetesimals are assumed to be composed of a mixture of ice, silicates and CHON (an average density of ∼ 2 g cm −3 ). Again, since the solid material contains ices and organics as well as silicates, the available rocky material is smaller (∼1/3 of the total mass) and is taken to be ∼ 12 M ⊕ and 8 M ⊕ for Jupiter and Saturn, respectively. The final core masses of Jupiter and Saturn can change with planetesimal size, the time in which planetesimals are formed, and the size distribution in which the additional material is added to the protoplanets. Three possible scenarios are considered:
1. Planetesimals are present during the pre-collapse stage and the additional material is added as small grains: For planetesimal sizes of 10 km (or smaller), we find that the long contraction times of the protoplanets insure the accretion of all the solid material in their feeding zone before the internal temperatures become high enough to evaporate the rocky material. Taking the accreted material added to the protoplanet as small grains with similar sizes as the ones originally present in the body, Saturn's core is found to be as big as 8 M ⊕ , while Jupiter's core mass does not exceed 2 M ⊕ .
2. Planetesimals are present during the pre-collapse stage and the additional material is added as planetesimal fragments: There is a good chance that the size distribution of the additional material is quite different from that of the initial grain distribution in the envelope. As a planetesimal passes through the planetary envelope pressure gradients across the planetesimal can exceed the material strength of the body, resulting in planetesimal fragmentation (Podolak et al.,1988) . Although some fraction of the planetesimal mass will be evaporated in the envelope as the planetesimal passes through the gas, most of the mass will be in fragments of a few meters in size. Fragments with these sizes have high sedimentation speeds and will settle to the center almost immediately. Most of the accreted mass will then be in the core region. The final core masses of Jupiter and Saturn can then be as large as ∼ 12 M ⊕ and 8 M ⊕ , respectively.
3. Planetesimals are not present during the pre-collapse stage: Gravitational instabilities occur relatively early in the history of the protoplanetary disk (∼ 10 3 years) and it is not clear whether planetesimals have been formed (Boss, 1997; Dominik et al., 2007) . If planetesimals are not yet formed, there will be no additional material contributing to core formation and the core masses of Jupiter and Saturn will be as small as 0.25 M ⊕ and 0.5 M ⊕ , respectively ( Table 2 ). The planetesimals could be accreted at a later stage of the planetary evolution when the protoplanets are significantly hotter. In this case, the accreted material will contribute to the planetary envelope enrichment in silicates, ices and organics. In this scenario Jupiter and Saturn core masses are too low compared to theoretical models that estimate
Jupiter and Saturn core masses (Saumon & Guillot, 2004) .
Discussion and Conclusions
We followed the evolution of gaseous protoplanets formed by disk instability. We considered protoplanets with masses between 1 Saturn mass and 10 Jupiter masses, a mass range that covers most of the observed mass range of extra-solar giant planets. The protoplanets were taken to be extended and yet gravitationally bound to insure further contraction. We examined the possibility of core formation as a result of sedimentation of silicate grains. Grain settling can occur in protoplanets which are cold enough and have a contraction time-scale long enough for the grains to grow (decouple from the convective flux in convective regions) and sediment to the center. The grain sedimentation process is found to be favorable for low mass bodies, due to lower internal temperatures, lower convective velocities and longer contraction time in the pre-collapse stage. We find that protoplanets with masses of ≥ 5 M J are too hot to allow core formation and therefore will have no solid cores.
The core masses presented in Table 2 are given under the assumption that the protoplanets are isolated and the grain mass is taken to be a small fraction (∼ 0.007%) of the planetary mass. As discussed earlier, planetesimal accretion can add a significant amount of refractory material to the protoplanets (Helled et al., 2006 (Helled et al., ,2008 . However, the accreted material contributes to core formation only if accretion occurs before the internal temperatures are high enough to evaporate the grains. Only protoplanets with masses lower than 5 M J will have larger cores than presented in Table 2 . In the case of more massive protoplanets, the additional solids would only enrich the planetary envelope with silicates, ices and organics regardless of the accretion timing. If a significant amount of material is accreted during the pre-collapse stage, the core mass in low mass protoplanets is expected to be inversely proportional to the planetary mass. The final core mass will not only depend on the time at which the solids are captured but also on the solid surface density of the protoplanetary disk, the distance at which the planet is formed, etc. We estimated the final core masses of Jupiter and Saturn when planetesimal accretion was included. However, due to uncertainties in the size distribution of the accreted material as it enters the protoplanet, a range of core masses is found. Jupiter and Saturn core mass can change from 2 to 12 M ⊕ , and ∼ 8 M ⊕ , respectively (see previous section).
The results presented here are most robust for protoplanets with masses ≥ 5 M J . The temperature gradient inside these bodies is least effected by stellar heating, and in addition, the core size is unaffected by planetesimal accretion, since these planets have no core due to their high internal temperatures. If heavy elements are added due to planetesimal accretion they will be spread throughout the planet's interior. Our conclusion that massive giant planets have no solid cores differs from the core accretion model which predicts that massive giant planets have a solid core of the order of ∼ 10 M ⊕ (Pollack et al., 1996; Hubickyj et al., 2005) .
Future determination of the core mass of massive extra-solar giant planets could help to distinguish between the two possible mechanisms for giant planet formation.
Gravitational settling of dust is also known to occur in brown dwarf atmospheres. Grain sedimentation explains the element depletion, spectra and weather-like features in cool brown dwarf atmospheres (Woitke & Helling, 2002) . In a similar process as considered here, drops of dust with sizes large enough to overcome the convective flux settle below the visible atmospheres, forming cloud layers (Ackerman & Marley, 2001; Helling & Woitke, 2006) . Grain sedimentation (and cloud formation) can therefore, also occur in a later stage of the evolution of the bodies considered here. However, in this case the dust depletion in the atmosphere will not be a result of core formation, but grain settling below the observed atmosphere. This process imparts further complexity to observational tests of the theory.
Our results rely on several assumptions. The protoplanets were taken to be isolated so radiation from the young star was not included. Clumps forming in planetary disks are exposed to stellar radiation, especially in the inner part of the disk. Stellar radiation can heat the bodies, increasing the internal temperatures and inhibiting core formation. To keep the calculation as general as possible we chose to make no assumptions regarding the location of the clump. In addition, since in the disk instability model protoplanets are usually formed in the cold outer regions where the disk is cold enough to become gravitationally unstable (Boss, 1997; Mayer et al., 2002) stellar radiation is expected to be relatively weak. Nevertheless, the effect of stellar radiation should be included in future work, especially due to the possibility of inward migration that can place the bodies in regions where stellar radiation is stronger (Papaloizou et al., 2007) .
The core formation process itself was not included in the evolutionary simulation. Grain settling can gener-ate additional luminosity in the protoplanet with an energy release of ∼
Rct , where G is the gravitational constant, M c is the core mass, R c is its radius and t is the time for core formation. For the core masses and radii considered in this work, the luminosity produced by core formation was found to be small in comparison to the luminosity due to planetary contraction (Table 1 ). The effect of core formation on the planetary evolution for the cases considered here is found to be small. However, formation of a massive compact core can increase the luminosity proportionally, and the additional energy can become comparable to or even larger than the luminosity generated by gravitational contraction. In that case it would be necessary to include the additional energy in the planetary evolution.
Grains composed of ice or complex organics (CHON) were not considered in the present work. These materials are more volatile than silicates and evaporate at lower temperatures. Even the coldest model we have considered is found to be too hot to allow the survival of CHON and icy grains. As a result, cores of giant planets created by a gravitational instability are expected to be composed only of refractory material.
We find that even a Saturn-mass protoplant is too hot to allow the survival of these volatiles. We conclude that the formation of icy planets via gravitational instability followed by photoevaporation of their gaseous envelopes as suggested by Boss et al. (2002) is rather unlikely.
Our results lead to an interesting conclusion regarding the composition of the planetary envelope. We find that the percentage of the core mass increases with decreasing total mass. As a result, the atmosphere of low mass giant planets formed by a gravitational instability is expected to be depleted in refractory material compared to more massive planets (≥ 5 M J ). Measurements of the composition of extrasolar planetary atmospheres could reveal important information regarding the formation mechanism of the giant planets. Columns 4-6 give the core mass for initial grain sizes (radii) of 0.01 to 1 cm, respectively. The last column gives the percentage of the core mass in comparison to the total grain mass in the protoplanet. 
